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MET HOD FOR TREAT I NG AND PREVENTING BACTERIAL INFECTION 

I 

BACKGROUND OF THE INVENTION 

This invention was made with government support under Grant No. R01 
CA28735-15 by the National Institute of Health. The government has certain rights in 
the invention. 

1 . Field of the Invention 
The present invention relates to methods and compositions for treating 

bacterial infections, especially infections by opportunistic pathogens. 

2. Background 
Microbial pathogenicity has been denned as the structural and biochemical 

1 0 mechanism whereby microorganisms cause disease. The first stage of microbial 

infection is the establishment of the pathogen at the portal of entry. Pathogens usually 
colonize host tissues that are in contact with the external environment, for example 
the urogenital tract, the digestive tract, the respiratory tract and the conjunctiva. 
Organisms that infect these regions have usually developed tissue adherence 

1 5 mechanisms and some ability to overcome or withstand host defense mechanisms 

usually resulting in colonization, multiplication, invasion or persistence of a pathogen 
on or within a host. Therefore, pathogenicity in bacteria may be associated with 
unique structural components of the cells, for example: capsules, fimbriae, 
lipolysaccharide (LPS) or other cell wall components; or, mechanisms such as active 

20 secretion of substances that either damage host tissues or protect the bacteria against 
host defenses. In most cases, a break in the host's first line defenses for example 
trauma, surgery, serious bums or indwelling devices can give rise to opportunistic 
infections. Examples of such pathogens are Staphylococcus aureus, hereafter referred 
to as S. aureus, and Pseudomonas aeruginosa, hereafter referred to as P. aeruginosa. 

25 Human staphylococcal infections are frequent, but usually remain localized at 

the portal of entry by the normal host defenses. The portal may be a hair follicle, but 
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usually it is a break in the skin, which may be a minute needle stick or a surgical 
wound. Foreign bodies, including sutures, are readily colonized by staphylococci, 
which makes infection difficult to control (70). Another portal of entry is the 
respiratory tract. Staphylococcal pneumonia is a frequent complication of influenza 

5 (71). Serious consequences of staphylococcal infections occur when the bacteria 
invade the blood stream. A resulting septicemia may be rapidly fatal; a bacteremia 
may result in seeding other internal abscesses, other skin lesions, or infections of the 
lung, kidney, heart skeletal muscles or meninges. Staphylococcal disease has been a 
perennial problem in the hospital environment since the beginning of the antibiotic 

10 era. During the 1950's and early 1960's, staphylococcal infection was synonymous 
with nosocomial infection. Gram-negative bacilli for example, Escherichia coli and 
P. aeruginosa have replaced the staphylococci as the most frequent causes of 
nosocomial infections, although the staphylococci have remained a problem (70, 71). 
P. aeruginosa is a major causative agent of gram-negative bacterial lung 

15 infections among compromised patients. Immunocompromised patients, such as 
neutropenic cancer and bone transplantation patients, are particularly susceptible to 
opportunistic infections (72). In this group of patients, P. aeruginosa is responsible 
for pneumonia and septicemia with attributable deaths reaching 30% (73, 74). P. 
aeruginosa is also one of the most common and lethal pathogens responsible for 

20 ventilator-associated pneumonia in intubated patients, with directly attributable death 
rates reaching 38% (75, 96). In nosocomial infections, P, aeruginosa is responsible 
for 16% of nosocomial pneumonia cases (70), 12% of hospital-acquired urinary tract 
infections (76), 8% of surgical wound infections (77), and 10% of bloodstream 
infections (9). In the expanding HIV-infected population, P. aeruginosa bacteremia is 

25 associated with 50% of deaths (79). In addition, P. aeruginosa corneal infection is 
one of the leading causes of control lens-related infection/loss of vision. P. 
aeruginosa also has a major impact on the rates of illness and death of patients with 
cystic fibrosis (80). Recent studies have also shown that P. aeruginosa associated 
pneumonia may play a role in many other lung manifestations, such as emphysema 

30 and chronic obstructive pulmonary disease. Despite the clinical data demonstrating 
the significance of P. aeruginosa in a range of infections, particularly lung infections, 
its pathogenic mechanism is not understood. The capacity of P. aeruginosa to 
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produce such diverse, often overwhelming infections is due to an arsenal of virulence 
factors. 

Many extracellular virulence factors secreted by P. aeruginosa have been 
shown to be controlled by a complex regulatory circuit involving cell-to-cell signaling 
5 systems that allow the bacteria to produce these factors in a coordinated, cell-density- 
dependent manner (72). With respect to cystic fibrosis, hereafter referred to as C.F., 
the mechanisms contributing to pathogenesis are still largely unknown. In patients 
with C.F. the major clinical manifestations occur in the gastrointestinal tract and in 
the airways and lungs (81). The gastrointestinal tract symptoms of C.F. have been 

10 adequately managed in the last 30 to 40 years, but the major clinical problem facing 
these patients is the progressive loss of pulmonary function, usually due to chronic 
bacterial infections by mucoid P. aeruginosa - some strains of P. aeruginosa produce 
large amounts of extracellular polysaccharide and are referred to as mucoid strains 
(81). Once established as an infection in the lungs of C.F. individuals, P. aeruginosa 

15 can persist for decades. Although C.F. patients have intact immune systems they do 
not mount an effective response against P. aeruginosa. Ordinarily, opsonic antibodies 
are a crucial component of immunity to P. aeruginosa, but during such chronic 
infections, P. aeruginosa produces MEP/alginate - a factor central to microbial 
persistence - as it is responsible for eliciting antibodies that fail to mediate 

20 phagocytosis of P. aeruginosa. Moreover, the eradication of colonization with P. 
aeruginosa is almost impossible in C.F. patients because of the emergence of 
multidrug-resistant strains and the protective effects of alginate (81). 

The increasing emergence of bacterial strains resistant to antibacterial drugs 
has been driven mainly by overuse of antibacterial agents, thereby selecting for 

25 bacteria resistant to these agents (82). Beginning with the use of penicillin in the 
1940's, drug resistance developed in staphylococci within a very short time after 
introduction of an antibiotic into clinical use. S. aureus responded to the introduction 
of antibiotics by the usual bacterial means to develop resistance, for example by 
mutation in chromosomal genes followed by selection of resistant strains, and by 

30 acquisition of resistance genes as extra chromosomal plasmids, transducing particles, 
transposons, or other types of DNA inserts. S. aureus expresses its resistance to drugs 
and antibiotics by a variety of mechanisms (83, 84, 85, 86). Hospital strains of S. 
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aureus are commonly resistant to a variety of different antibiotics. Methicillin 
resistance has been widespread since the late 1960s, and some S. aureus strains are 
now resistant to all clinically useful antibiotics except the glycopeptides vancomycin 
and teicoplanin (87). In the last several years, vancomycin-resistant S. aureus strains 
5 have emerged, sparking fears of an unbeatable strain of this important nosocomial 
pathogen (88,89,90,91). In addition, S. aureus expresses resistance to antiseptics and 
disinfectants, such as quaternary ammonium compounds, which may aid in its 
survival in the hospital environment (92). Another example is P. aeruginosa which 
has become one of the most problematic human pathogens, as it shows intrinsic 

10 resistance to many structurally unrelated antibiotics. Resistance mechanisms include 
low outer membrane permeability or multidrug efflux pumps (tetracycline, imipenem, 
fluoroquinolones, aminoglycosides) or production of antibiotic modifying enzymes 
(aminoglycosides, p-lactams) (94). Furthermore, previous exposure to antibiotics 
often leads to multidrug-resistant P. aeruginosa strains (95). The pathogenesis of P. 

15 aeruginosa and S. aureus is clearly mutifactorial as underlined by the large number of 
virulence factors and the broad spectrum of diseases these bactera cause. It is, 
therefore, imperative to elucidate the mechanisms of bacterial pathogenesis, for 
example S. aureus and P. aeruginosa, and to develop alternative prophylactic and 
therapeutic agents that target specific host-pathogen interactions involved in bacterial 

20 pathogenesis. 

Shedding is a process in which cell surface proteins are cleaved by proteinases 
known collectively as sheddases or secretases, and released from the surface as 
soluble effectors (1-3). It is an important biological mechanism of protein secretion 
and activation for the approximately 1% of total cell surface proteins that can also 

25 function as soluble ectodomains. Numerous types of surface molecules are shed as 
soluble ectodomains and the list includes cytokines, growth factors and their 
receptors, enzymes and cell adhesion molecules such as selectins (4), CD 14 (5), EGF 
(6), TNF-a (7,8) and their receptors (9,10), IL-6 receptor (1 1), Fas ligand (12) and 
TGF-a (13), to name a few. It is well established that these shed ectodomains play 

30 pivotal roles in diverse pathophysiological events including septic shock, host defense 
and wound healing. Furthermore, shedding provides an additional level of regulating 
the activity of affected effectors since shedding itself has been found to be regulated 
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by various extracellular ligands (14-16) and intracellular signaling pathways 
(3,13,16,17). 

Pathogenic microorganisms, constantly evolving in the hostile host 
environment, have learned to frequently take advantage of existing host systems for 

5 their pathogenesis. For example, a diverse group of pathogens including Yersinia spp. 
(20), Bordetella pertussis (21,22) and adenovirus (23) express RGD-containing cell 
surface ligands and use these "molecular mimics" to interact with host integrin 
receptors for their colonization (24). Bacteria also contain molecules in their 
pathogenic arsenal that can derange host homeostasis to their benefit. Several 

1 0 bacteria secrete toxins that can modify the host cell cytoskeleton (25) and secrete 

enzymes that can degrade extracellular matrix (ECM) components, immunoglobulins 
and complement, either directly (26,27) or indirectly by activating the host's matrix 
metalloproteinases (28). Furthermore, LPS from Gram negative bacteria, the 
causative agent of endotoxic shock, affects expression of many host defense effectors 

1 5 such as TNF-a and IL- 1 , -6, -8 and - 1 0 (29). 

Recent studies indicate that bacterial pathogens may also utilize the host's 
shedding mechanism to the benefit of their pathogenesis. For instance, the pore- 
forming toxins, streptolysin O and E. coli hemolysin, have been found to trigger 
shedding of LPS (CD 14) and IL-6 receptors (30). Culture supernatants from P. 

20 aeruginosa, S. aureus, Serratia marcescens and Listeria monocytogenes can also 
augment shedding of the IL-6 receptor (31), and culture supernatants from 
Staphylococcus epidermidis can activate shedding of TNF-a (32), although the 
responsible shedding enhancers have not been defined in these studies. Furthermore, 
increased serum levels of soluble ectodomains of several surface effectors, such as 

25 CD14, TNF-a and IL-4 receptors, have been documented during infection (33-35). 
These findings suggest that bacteria-enhanced shedding can modulate the activation 
and function of host effectors, and play a role in bacterial pathogenesis. 

Syndecans are a family of cell surface heparan sulfate proteoglycans (HSPGs) 
which, along with the glypicans, are the major source of cell surface heparan sulfate 

30 (HS) (36). There are currently four mammalian syndecans, syndecan-1 through -4, 
each encoded by distinct genes. Functionally, syndecans can bind and modulate the 
activity of a diverse group of soluble and insoluble ligands, such as ECM 
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components, growth factors, chemokines, cytokines and proteases, through the action 
of their HS chains. Syndecans have also been proposed to act as adhesion and 
internalization receptors for pathogenic microorganisms (37,38). The extracellular 
domains of syndecans can be shed as soluble, intact HSPGs which, because they bind 

5 the same ligands as their precursor proteoglycans on the cell surface, can serve as 
soluble effectors. For example, shed syndecan-1 ectodomains have been found to 
regulate the proliferative response of cells to FGF-2 (39) and potentiate the activity of 
neutrophil enzymes, such as elastase and cathepsin G (40), by binding to the enzymes 
and protecting them from inhibition by their physiological inhibitors. All syndecans 

1 0 are shed constitutively in culture, but available evidence also indicates that syndecan 
shedding is highly regulated and is a host response to tissue injury (16). There has 
been no reported association between syndecan-1 shedding and bacterial 
pathogenesis. 

There continues to exist a need in the art for new antimicrobial methods and 
1 5 materials, especially against opportunistic pathogens. 

SUMMARY OF THE INVENTION 

The present invention provides methods and compositions for treating 

bacterial infections, especially infections by opportunistic pathogens in a subject by 
20 administering a compound that inhibits syndecan-1 shedding. The invention is based 

on the discovery that two diverse opportunistic pathogens, S. aureus and P. 

aeruginosa, enhance syndecan-1 shedding and that this shedding is critical for 

Pseudomdnas and staphylococcal pathogenesis via the respiratory tract. The 

discovery is also based on the surprising finding that inhibition of syndecan-1 
25 shedding prevents Pseudomonas pneumonia in a mammalian model. The P. 

aeruginosa shedding enhancer has been purified and identified as the mature 20 kDa 

LasA protein, a known virulence factor of P. aeruginosa. 

According to one aspect of the invention a method is provided for treating a 

bacterial infection comprising: 
30 a) determining whether the bacterium causing the infection is capable of 

enhancing host cell syndecan-1 shedding; and 
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b) administering an effective amount of a compound that inhibits syndecan-1 
shedding to a subject suffering from said infection, wherein the compound is selected 
from (a) inhibitors of a bacterial factor responsible for syndecan-1 cleavage, e.g., 
LasA in the case of P. aeruginosa, (b) compounds that bind the syndecan and disrupt 
5 cleavage, (c) syndecan-1 decoys, and (d) inhibitors of the host cell shedding 

mechanism, except when the bacterium is Pseudomonas aeruginosa, the compound is 
not genistein or tyrphostin A47. More preferably, when the bacterium is 
Pseudomonas aeruginosa, the compound is not a general protein tyrosine kinase 
inhibitor. 

10 Inhibitors of the host cell shedding mechanism include hydroxamate 

derivatives and protein tyrosine kinase inhibitors. BB 1 1 01 is a preferred hydroxamate 
derivative. Genistein, herbinycen and tyrphostins, such as A25, are preferred protein 
tyrosine kinase inhibitors. 

Compounds that bind the syndecan and disrupt cleavage include polyclonal 
1 5 and monoclonal antibodies and peptides. 

The method of the present invention is useful in treating infections of the 
respiratory system, the urinary tract, the skin, and blood stream. The method is 
particularly useful in treating Pseudomonas or Staphylococcus lung infections. 
In other embodiments the invention provides methods for screening 
20 compounds that inhibit the syndecan-1 shedding. The methods 

comprise contacting cells which express syndecan-1, such as NMuMG cells, with the 
compound being screened and measuring syndecan-1 cleavage. 

The invention also provides a method for diagnosing an infection by a 
bacterial organism that is capable of being treated by the methods of the present 
25 invention. The method comprises testing a bacterial sample for the ability to induce 
syndecan-1 cleavage. 

Other aspects of the invention are disclosed infra, 

BRIEF DESCRIPTION OF THE DRAWINGS 
30 Figure 1 . Culture supernatants of P. aeruginosa and S. aureus enhance 

shedding of syndecan-1 by NMuMG cells. Bacteria were grown overnight in TSB at 
37°C to stationary growth phase and culture supernatants were collected. Fresh 
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NMuMG culture media (media control) or filter-sterilized bacterial supematants 
diluted to 20% (v/v) with NMuMG media were incubated with confluent NMuMG 
cells in 96 well plates for 14 h at 37°C. At the end of incubation, conditioned media 
were collected, centrifuged to remove cells, acidified and dot blotted onto cationic 

5 Immobilon N PVDF membranes. Extent of syndecan-1 shedding enhancement was 
determined by the dot immunoblotting method as described in "Experimental 
Procedures". Each data point represents mean of duplicate or triplicate 
measurements, and results are presented as fold over media control. The number and 
horizontal bar in P. aeruginosa and S. aureus samples indicate mean values for these 

10 bacteria. 

Figure 2. Concentration- and time-dependent enhancement of syndecan-1 
shedding by P. aeruginosa supernatant. Confluent NMuMG cells in 96 well plates 
were incubated with A) varying concentrations (0.1-20%, v/v) of filter-sterilized P. 
aeruginosa, strain BL2, supernatant for 20 h at 37°C or B) 20 % (v/v) BL2 

1 5 supernatant for 2, 8, or 20 h at 37°C. Cell surface and shed syndecan- 1 levels were 
quantified by the dot immunoblotting method as described previously. Measurements 
obtained with fresh NMuMG media served as control values. Error bars represent SD 
determined from triplicate measurements. 

Figure 3. P. aeruginosa supernatant enhances shedding of syndecan-1 by 

20 various host cells. Filter sterilized supernatant (20%, v/v) of the clinical P. 

aeruginosa isolate, BL2, was incubated with 1 day post-confluent NMuMG (96 well), 
CI 27 (96 well) and LA-4 (24 well) epithelia, and NIH3T3 fibroblasts (24 well) for 20 
h at 37°C. Syndecan-1 shed under these conditions was quantified as described 
previously. Results are presented as mean fold increase over media control±SD. 

25 Figure 4. The syndecan-1 shedding enhancer of P. aeruginosa is a 10-30 kDa 

protein. Overnight culture supematants of strain BL2 were treated with 10 jig/ml 
proteinase K for 30 min at 37°C, inactivated with 20 mM PMSF, spun down to 
remove precipitates and filter sterilized. Alternatively, culture supematants were 
centrifuged in MWCO spin microfuge tubes at 10,000g for 40 min and flow through 

30 fractions were collected. The retentate materials were collected by resuspending the 
semi-dried material above the MWCO membrane with fresh TSB. These samples, 
along with untreated BL2 supernatant, were filter sterilized, diluted to 20% (v/v) with 
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NMuMG media and incubated with confluent cultures of NMuMG cells in 96 well 
plates for 14 h at 37°C. Shed syndecan-1 levels were quantified by the dot 
immunoblotting method as described previously. Error bars represent SD determined 
from triplicate measurements. 

5 Figure 5. Partial purification of P. aeruginosa supernatant by ammonium 

sulfate precipitation and gel chromatography identifies a single 20 kDa protein as a 
candidate syndecan-1 shedding enhancer. An overnight culture supernatant of strain 
BL2 was precipitated by 80% ammonium sulfate and fractionated by Bio-Gel P-30 
gel chromatography at a flow rate of 4.5 ml/h. The collected fractions were speed-vac 

1 0 dried, resuspended in NMuMG culture media, filter sterilized and assayed for 
syndecan-1 shedding activity. Shed syndecan-1 levels were quantified by the dot 
immunoblotting method as described previously. Each data point in the activity 
chromatogram represents mean values from duplicate determinations. The active 
fractions (12 & 13) and inactive fractions in the vicinity (10, 1 1, 13, 14 & 15) were 

15 subjected to 12% reducing SDS-PAGE and visualized by Coomassie Brilliant Blue R- 

250 staining (insert). 

Figure 6. Immunoaffinity chromatography with anti-LasA IgGs demonstrates 
that the P. aeruginosa shedding enhancer is LasA. The partially purified material 
obtained from ammonium sulfate precipitation and gel chromatography of P. 

20 aeruginosa supernatant was fractionated by mouse polyclonal anti-LasA IgG affinity 
chromatography. The flow through (FT), wash (WSH) and eluate (EL) fractions were 
collected, and along with the starting material (fractions 12&13), tested for their 
ability to enhance shedding of syndecan-1 by NMuMG cells as previously described. 
Results of the activity assay are presented as mean fold increase over media 

25 controliSD. Results from analysis of the fractions by 12% SDS-PAGE and 
Coomassie staining are shown in the insert. 

Figure 7. Purified LasA enhances shedding of syndecan-1 by various host 
cells in a concentration-dependent manner. Varying concentrations of LasA (0.5, 5, 
10 p.g/ml), purified by consecutive steps of ammonium sulfate precipitation, gel 

30 chromatography and inimunoaffinity chromatography, were incubated with confluent 
cultures of NMuMG (96 well), LA-4 (24 well), or NIH3T3 (24 well) cells for 8 h at 
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37°C. Extent of syndecan-1 shedding enhancement was determined as previously 
described. Error bars represent SD determined from triplicate measurements. 

Figure 8. Syndecan-1 ectodomains induced to shed by purified LasA and 
crude P. aeruginosa supernatant are intact proteoglycans and the size of their core 

5 proteins are identical to that of the constitutively shed ectodomain. Conditioned 
media from unstimulated NMuMG cells (lanes 1 & 4) and from NMuMG cells 
stimulated with 5 ng/ml purified LasA (lanes 2 & 5) or 20% (v/v) crude P. 
aeruginosa supernatant (lanes 3 & 6) were incubated with DEAE-Sephacel for 2 h at 
4°C, and bound materials were eluted with 2 M NaCl. Approximately 30 ng of the 

10 undigested samples were analyzed by 3.5-10% gradient SDS-PAGE and Western 
immunoblotting using the 281-2 anti-syndecan-1 monoclonal antibody (undigested, 
lanes 1-3) or digested with 10 mU/ml heparitinase and 20 mU/ml chondroitin sulfate 
ABC lyase and then analyzed by SDS-PAGE and Western immunoblotting (digested, 
lanes 4-6). Molecular masses of the immunoreactive proteins were approximated 

1 5 from the migration pattern of pre-stained size standards. 



DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides methods and compositions to treat and 

prevent bacterial infections. As one aspect of the present invention, it has now been 
20 discovered that shedding of syndecan- 1 plays a role in infection by opportunistic 

pathogens such as P. aeruginosa and S. aureus and that inhibiting syndecan-1 

shedding can be used to treat infection by such opportunistic pathogens. 

As used herein, the terms "treatment" or "treating" include: (1) preventing 

such disease from occurring in a subject who may be predisposed to these diseases but 
25 who has not yet been diagnosed as having them; (2) inhibiting these diseases, i.e., 

arresting their development; or (3) ameliorating or relieving the symptoms of these 

diseases, i.e., causing regression of the disease states. 

Compounds which can inhibit sydecan shedding are selected from (a) 

inhibitors of a bacterial shedding enhancer responsible for syndecan-1 cleavage, (b) 
30 compounds that bind the syndecan and disrupt cleavage, (c) syndecan-1 decoys, and 

(d) inhibitors of the host cell shedding mechanis. The compounds preferably inhibit 

syndecan-1 shedding by at least 50% in the syndecan shedding assay of Subramanian, 



WO 01/17560 

- 11 

et al., J. Biol Chem. 272, 14713-14720 (1997). More preferably the compounds 
inhibit syndecan-1 shedding by 75%, most preferably 95%. Additional compounds 
are identified and tested in the screening assays discussed in more detail below. 
Determining whether the bacterium causing the infection is capable of 

5 enhancing host cell syndecan-1 shedding can be done prior to treatment by using a 
host cell (e.g., epithelial cells) containing sample bacterium suspected of causing the 
infection to see if syndecan-1 shedding is occurring. Alternatively, a determination 
that a particular species of bacteria enhances syndecan-1 shedding can be made at an 
earlier date and one needs merely determine that the species being treated is one 

10 known to enhance such shedding. 

The invention provides efficient screening methods to identify 
pharmacological agents or lead compounds for agents which inhibit syndecan-1 
shedding. The methods are amenable to automated, cost-effective high throughput 
drug screening and have immediate application in a broad range of pharmaceutical 

15 drug development programs. 

A preferred assay mixture of the invention comprises a ceil expressing 
syndecan-1, for example a normal murine mammary gland (NMuMG) cell. An assay 
mixture of the invention also comprises a candidate pharmacological agent. 
Generally a plurality of assay mixtures are run in parallel with different candidate 

20 agent concentrations to obtain a differential response to the various concentrations. 
Typically, one of these assay mixtures serves as a negative control, i.e. at zero 
concentration or below the limits of assay detection. Candidate agents encompass 
numerous chemical classes, though typically they are organic compounds and 
preferably small organic compounds. Small organic compounds suitably may have 

25 e.g. a molecular weight of more than about 50 yet less than about 2,500. Candidate 
agents may comprise functional chemical groups that interact with proteins and/or 
DNA. 

Candidate agents are obtained from a wide variety of sources including 
libraries of synthetic or natural compounds. For example, numerous means are 
30 available for random and directed synthesis of a wide variety of organic compounds 
and biomolecules, including expression of randomized oligonucleotides and peptides. 
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Alternatively, libraries of natural compounds in the form of bacterial, fungal, plant 
and animal extracts are available or readily produced. 

Additionally, natural and synthetically produced libraries and compounds are 
readily modified through conventional chemical, physical, and biochemical means. In 
5 addition, known pharmacological agents may be subject to directed or random 
chemical modifications, such as acylation, alkylation, esterification, amidification, 
etc. 

The resultant mixture is incubated under conditions whereby, but for the 
presence of the candidate pharmacological agent, the syndecan-1 would be cleaved 
10 from the cell surface. Incubations may be performed at any temperature which allows 
syndecan shedding, typically between 25°C and 40°C. Incubation periods are 
typically between 0.1 and 10 hours, preferably less than 5 hours, more preferably less 
than 2 hours. 

After incubation, the presence or absence of the shed syndecan is detected by 
15 any convenient method, including ELISA, radioimmunoassay, or dot immunoblotting 

of cell-free supernatant. 

Particularly useful inhibitors of the host cell syndecan-1 shedding mechanism, 
and thus effective inhibitors of bacterial infection are hydroxamate derivatives, e.g., 
BB1 101 (British BioTech), and protein tyrosine kinase (PTK) inhibitors, e.g., 
20 genistein, herbimycin A and tyrphostin A25. 

Preferred protein tyrosine kinase inhibitors are inhibitors of the Src family of 

protein kinases. 

Syndecan-1 decoys can also be used to inhibit syndecan-1 shedding. 
Syndecan-1 decoys include synthetic peptides (linear or cyclized); recombinant 

25 peptides corresponding to the juxtamembrane domain of syndecan-1 ; shorter peptides 
corresponding to the cleavage domain of syndecan-1, usually 10-15 amino acids in 
length; organic compounds, similar in structure to the juxtamembrane region or 
cleavage cite peptide sequence; and anti-idiotypic antibodies directed against the Fab 
domain of the antibody recognizing the cleavage site sequence. 

30 Antibodies and binding fragments thereof that bind syndecan- 1 and prevent 

cleavage are also useful for inhibition. 
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The antibodies and binding fragments thereof can be either polyclonal or 
monoclonal, but preferably are monoclonal. If polyclonal, they can be in the form of 
antiserum or monospecific antibodies, such as purified antiserum which has been 
produced by immunizing animals with purified syndecan-1. Preferably, however, the 
5 antibodies are monoclonal antibodies so as to minimize the administration of 
extraneous proteins to an individual. Monoclonal antibodies can be prepared 
according to well known protocols. See. e.g., Skare et al., J. Biol. Chem. 268: 16302- 
16308 (1993), U.S. Pat. Nos. 4,918,163 and 5,057,598, which are incorporated herein 
by reference. The antibodies can be whole, Fab's, single chain, single domain heavy 
10 chain, etc. Single chain antibodies are preferable. Methods for the production of 
single chain binding polypeptides are described in detail in, e.g., U.S. Pat. No. 
4,946,778, which is incorporated herein by reference. 

For administration to humans, e.g., as a component of a composition for in 
vivo treatment, the monoclonal antibodies are preferably substantially human to 
1 5 minimize immunogenicity, and are in substantially pure form. By "substantially 
human" is meant that the immunoglobulin portion of the composition generally 
contains at least about 70% human antibody sequence, preferably at least about 80% 
human, and most preferably at least about 90-95% or more of a human antibody 
sequence. 

20 For therapeutic applications, the compounds may be suitably administered to a 

subject such as a mammal, particularly a human, alone or as part of a pharmaceutical 
composition, comprising the compounds together with one or more acceptable 
carriers thereof and optionally other therapeutic ingredients. The carrier(s) must be 
"acceptable" in the sense of being compatible with the other ingredients of the 

25 formulation and not deleterious to the recipient thereof. 

The pharmaceutical compositions of the invention include those suitable for 
oral, rectal, nasal, topical (including buccal and sublingual), vaginal, parenteral 
(including subcutaneous, intramuscular, intravenous and intradermal), occular using 
eye drops, transpulmonary using aerosolubilized or nebulized drug administration. 

30 Oral and nasal administration are preferred in the present case. The formulations may 
conveniently be presented in unit dosage form, e.g., tablets and sustained release 
capsules, and in liposomes, and may be prepared by any methods well know in the art 
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of pharmacy. See, for example, Remington's Pharmaceutical Sciences, Mack 
Publishing Company, Philadelphia, PA ( 1 7th ed. 1 985). 

Such preparative methods include the step of bringing into association with 
the molecule to be administered ingredients such as the carrier which constitutes one 
5 or more accessory ingredients. In general, the compositions are prepared by 

uniformly and intimately bringing into association the active ingredients with liquid 
carriers, liposomes or finely divided solid carriers or both, and then if necessary 

shaping the product. 

Compositions of the present invention suitable for oral administration may be 
1 0 presented as discrete units such as capsules, cachets or tablets each containing a 

predetermined amount of the active ingredient; as a powder or granules; as a solution 
or a suspension in an aqueous liquid or a non-aqueous liquid; or as an oil-in-water 
liquid emulsion or a water-in-oil liquid emulsion, or packed in liposomes and as a 
bolus, etc. 

1 5 A tablet may be made by compression or molding, optionally with one or 

more accessory ingredients. Compressed tablets may be prepared by compressing in 
a suitable machine the active ingredient in a free-flowing form such as a powder or 
granules, optionally mixed with a binder, lubricant, inert diluent, preservative, 
surface-active or dispersing agent. Molded tablets may be made by molding in a 

20 suitable machine a mixture of the powdered compound moistened with an inert liquid 
diluent. The tablets optionally may be coated or scored and may be formulated so as 
to provide slow or controlled release of the active ingredient therein. 

Compositions suitable for topical administration include lozenges comprising 
the ingredients in a flavored basis, usually sucrose and acacia or tragacanth; and 

25 pastilles comprising the active ingredient in an inert basis such as gelatin and glycerin, 

or sucrose and acacia. 

Compositions suitable for parenteral administration include aqueous and non- 
aqueous sterile injection solutions which may contain anti-oxidants, buffers, 
bacteriostats and solutes which render the formulation isotonic with the blood of the 
30 intended recipient; and aqueous and non-aqueous sterile suspensions which may 

include suspending agents and thickening agents. The formulations may be presented 
in unit-dose or multi-dose containers, for example, sealed ampules and vials, and may 
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be stored in a freeze dried (lyophilized) condition requiring only the addition of the 
sterile liquid carrier, for example water for injections, immediately prior to use. 
Extemporaneous injection solutions and suspensions may be prepared from sterile 
powders, granules and tablets. 
5 The compound can be used in a concurrent administration with one or more 

antibiotics. "Concurrent administration," or co-treatment, as used herein includes 
administration of the agents, in conjunction or combination, together, or before or 
after each other. The compound and antibiotics may be administered by different 
routes. For example, the compound may be administered intravenously while the 
10 antibiotics are administered intramuscularly, intravenously, subcutaneously, orally or 
intraperitoneally. Alternatively, the compound may be administered intraperitoneally 
while the antibiotics are administered intraperitoneally or intravenously, or the 
compound may be administered in an aerosolized or nebulized form while the 
antibiotics are administered, e.g., intravenously. The compound and antibiotics are 
15 preferably both administered intravenously. The compound and antibiotics may be 
given sequentially in the same intravenous line, after an intermediate flush, or may be 
given in different intravenous lines. The compound and antibiotics may be 
administered simultaneously or sequentially, as long as they are given in a manner 
sufficient to allow both agents to achieve effective concentrations at the site of 
20 infection. 

Therapeutic effectiveness is based on a successful clinical outcome, and 
does not require that the antimicrobial agent or agents kill 100% of the organisms 
involved in the infection. Success depends on achieving a level of antibacterial 
activity at the site of infection that is sufficient to inhibit the bacteria in a manner that 

25 tips the balance in favor of the host. When host defenses are maximally effective, the 
antibacterial effect required may be minimal. Reducing organism load by even one 
log (a factor of 1 0) may permit the host's own defenses to control the infection. In 
addition, augmenting an early bactericidal/bacteriostatic effect can be more important 
than long-term bactericidal/bacteriostatic effect. These early events are a significant 

30 and critical part of therapeutic success, because they allow time for 
host defense mechanisms to activate. 
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It will be appreciated that actual preferred amounts of a given compound used 
in a given therapy will vary according to the particular compound being utilized, the 
particular compositions formulated, the mode of application, the particular site of 
administration, the patient's weight, general health, sex, etc., the particular indication 
5 being treated, etc. and other such factors that are recognized by those skilled in the art 
including the attendant physician or veterinarian. Optimal administration rates for a 
given protocol of administration can be readily determined by those skilled in the art 
using conventional dosage determination tests. 

The present invention is further illustrated by the following Examples. These 
10 Examples are provided to aid in the understanding of the invention and are not 
construed as a limitation thereof. 



EXAMPLE 1 
Materials 

[ 5 Affi-Prep Hz Hydrazide affinity chromatography resins, Bio-Gel P-30 gel 

chromatography resins, Coomassie Brilliant Blue R-250 and pre-stained SDS-PAGE 
size standards were purchased from Bio-Rad (Melville, NY). Bisindolylmaleimide I, 
genistein and Tyrphostin A25 were from Calbiochem (La Jolla, CA). Heparan sulfate 
lyase (heparitinase) and chondroitin sulfate ABC lyase were obtained from Seikagaku 
20 (Ijamsville, MD). Tryptic soy broth (TSB) and tryptic soy agar were purchased from 
Remel (Lenexa, KS). The cationic PVDF membrane, Immobilon N, was from 
Millipore (Bedford, MA) and ProBlott PVDF membrane for N-terminal sequencing 
was from Applied Biosystems (Foster City, CA). Tissue culture media and 
supplements other than serum were from Mediatech (Hemdon, VA), fetal calf and 
25 calf serum were from HyClone (Logan, UT) and tissue culture plastics were from 
Costar (Coming, NY). Enhanced chemiluminescense (ECL) Western blotting 
detection reagents were from Amersham (Arlington Heights, IL), DEAE Sephacel 
was from Pharmacia Biotech (Piscataway, NJ) and molecular weight cutoff spin tubes 
were from Pall Filtron (Northborough, MA). TPCK-treated trypsin, soybean trypsin 
30 inhibitor and all other materials were purchased from Sigma (St. Louis, MO). 
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Cells and immunochemicals 

Normal murine mammary gland (NMuMG), mouse lung adenoma (LA-4) and 
mouse mammary gland (CI 27) epithelia, and Swiss mouse embryo fibroblasts 
(NIH3T3) were purchased from the ATCC (Rockville, MD). The cells were cultured 
i as previously described (41) according to the provider's recommendations. 

P aeruginosa laboratory strains 7700 and 10145 were from the ATCC. The 
clinical P. aeruginosa isolates, BL1, BL2, CF1, CF2 and SP1, were from the Division 
of Infectious Diseases at Washington University School of Medicine (St. Louis, MO), 
CT4 was kindly provided by Dr. David Roberts at the NCI (Rockville, MD) (42) and 
0 PAOl was maintained in the Pier lab. S. aureus laboratory strains 8095, 10832 

(Woods), 12598 (Cowan) and 25904 (Newman) were from the ATCC. The clinical 
blood isolates of S. aureus, 070-0875,093*861, 108-0009, 111-0449 and 116-0031, 
were obtained from the Division of Infectious Diseases at Washington University 
School of Medicine. The Salmonella enteritidis clinical isolate was kindly provided 
5 by Dr. Robert Thompson of the Department of Vascular Surgery at Washington 
University School of Medicine. The laboratory strains of Staphylococcus 
saprophytics (15305), Staphylococcus xylosus (29971), Salmonella enteritidis 
(10376), Salmonella typhimurium (14028), Streptococcus pneumoniae (27336) and 
Klebsiella pneumoniae (27736) were from the ATCC. 
20 The rat monoclonal anti-mouse syndecan-1 ectodomain antibody (281-2) was 

generated in the Bemfield laboratory (43) and is now commercially available from 
Pharmingen (San Diego, CA). The mouse polyclonal anti-LasA antibody was 
generated in the Pier laboratory. Horse radish peroxidase-conjugated goat anti-rat 
secondary antibodies were obtained from either Jackson Immunoresearch (West 
25 Grove, PA) or Cappel (Durham, NC). 



Syndecan shedding assays 

Quantification of syndecan shedding was performed as previously described 
(16). Briefly, confluent or 1 day post-confluent cultures of NMuMG and C127 cells 
30 in 96 well plates and LA-4 and NIH3T3 cells in 24 well plates were washed once with 
their respective culture media, and various test samples diluted in culture media were 
added to the cells. Cells were incubated at 37°C with the samples for the indicated 
times as described in the figure legends. Cell viability was measured with the 
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tetrazolium salt (MTT) conversion assay (44). For quantification of shedding, the 
culture supernatants were collected, spun down to remove cells and the cell-free 
supematants were applied to Immobilon N membranes using the dot immunoblotting 
apparatus. To obtain measurements within the linear range of the dot immunoblotting 
5 quantification method, 70 ul out of 100 ul in each 96 well were applied for NMuMG 
and C127 cells, and 200 ul out of 500 ul in each 24 well were applied for LA-4 and 
NIH3T3 cells. The samples were acidified by adding NaOAc (pH 4.5), NaCl and 
Tween-20 to final concentrations of 50 mM, 150 mM and 0.1% (v/v), respectively. 
By acidifying the samples, mostly highly anionic molecules such as proteoglycans are 
1 0 retained by the cationic PVDF membrane during dot blotting. For quantification of 
cell surface syndecan-1, following removal of media with or without test samples, 
cells were washed once with ice-cold TBS (50 mM Tris, pH 7.5, 150 mM NaCl) 
containing 0.5 mM EDTA and incubated for 15 min at 4°C with ice-cold 10 ug/ml 
TPCK-treated trypsin in TBS with 0.5 mM EDTA. Trypsin was subsequently 
1 5 inactivated with 1 00 ug/ml soybean trypsin inhibitor and the reaction mixture was 
spun down to remove detached cells. For NMuMG cells, 1 5 ul out of 100 ul 
trypsinate were blotted onto Immobilon N membranes as described above to obtain 
measurements in the linear range of the dot immunoblotting method. Development of 
the blotted membranes were carried out by incubations at 4°C with i) 10% (w/v) non- 
20 fat dry milk in TBS for 2 h or longer, ii) 0.2 ug/ml of anti-syndecan- 1 antibody (28 1 - 
2) in BLOTTO (TBS containing 0.5% non-fat dry milk and 0.1% Tween-20) for 14- 
24 h, iii) BLOTTO for 30 min x 2, iv) 1 :8,000 dilution of horse radish peroxidase- 
conjugated goat anti-rat antibodies in BLOTTO for 14-24 h, v) TBS for 30 min x 2 
and vi) the ECL development reagent. The developed blots were scanned and 
25 quantified using the public domain NIH Image (V. 1 .60) software. 

Ammonium sulfate precipitation and Bio-Gel P -30 gel chromatography 

Overnight culture supernatant (1 L) of P. aeruginosa, strain BL2, was 
precipitated overnight at 4°C with ammonium sulfate at 80% saturation. The 
30 resulting precipitate was pelleted by centrifugation at 1 5,000 x g for 30 min at 4°C, 
dissolved in 60 ml de-ionized H 2 0, and dialyzed twice against 4 L of de-ionized H 2 0. 



J. OO? ijjj^-l-? 1 ut G6ieOit 

WO 01/17560 PCT/USOO/24839 

- 19- 

The dialysate was freeze-dried, resuspended in 30 ml buffer A (50 mM HEPES, pH 
7.5, 50 mM NaCl), and 5 ml of this sample was applied to a 1 x 1 15 cm Bio-Gel P-30 
column pre-equilibrated with buffer A. The applied material was fractionated at a 
flow rate of 4.5 ml/h with buffer A and twenty-four one hour fractions were collected. 
5 Aliquots of each fraction were speed-vac dried, resuspended in NMuMG culture 
media, filter sterilized and tested for their ability to enhance syndecan-1 shedding by 
NMuMG cells. For gel analysis, fractions were dialyzed against de-ionized water, 
speed-vac dried, resuspended in SDS-PAGE sample buffer and fractionated by 12% 
reducing SDS-PAGE. 

10 

Immunoaffinity chromatography 

Carbohydrate moieties within the Fc region of anti-LasA IgGs were oxidized 
and reacted with hydrazide groups in the Affi-Prep coupling resin to form covalent 
hydrazone bonds. This coupling method was employed to orient the antigen binding 
1 5 sites outwards from the resin to potentially achieve higher antigen binding capacities. 
Mouse polyclonal anti-LasA IgGs were purified by protein G affinity chromatography 
and dialyzed into oxidation buffer (0.1 M NaOAc, pH 5.5, 1 M NaCl). Anti-LasA 
IgGs (2 mg) in 5 ml of oxidation buffer were oxidized by incubation for 1 h at room 
temperature in the dark with 500 ul of 1 80 mg/ml NaI0 4 in de-ionized H 2 0. The 
20 oxidized antibody was first dialyzed into H 2 0, then into coupling buffer (0. 1 M 
NaOAc, pH 4.5, 1 M NaCl) and incubated overnight with 2 ml of Affi-Prep 
Hydrazide gel slurry at 4°C. The coupled affinity resin was transferred to a 
polypropylene column and the active fractions from gel chromatography, resuspended 
in binding buffer (50 mM HEPES, pH 7.5, 150 mM NaCl), were applied. The 
25 samples were re-cycled overnight at a flow rate of 5 ml/h through the affinity resin at 
4°C. The flow through fraction was collected and the column was washed with 
binding buffer. The specifically bound materials were eluted with 0.1 M glycine (pH 
2.8), neutralized by 0.1 M HEPES (pH 7.5), dialyzed into autoclaved de-ionized H 2 0 
and concentrated by lyophilization. The concentration of purified LasA was 
30 determined by UV spectrophotometry based on the number of tyrosine and tryptophan 
residues in LasA (1a280=0 41 mg/ml). 
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Western immunoblotting of partially purified syndecan-1 ectodomains 

Conditioned media from unstimulated NMuMG cells (constitutively shed), 
and from NMuMG cells stimulated with crude P. aeruginosa supernatant (20%, v/v) 
or purified LasA (5 ug/ml) were collected, and NaOAc (pH 4.5) and NaCl were added 
5 to final concentrations of 100 and 300 mM, respectively. The acidified conditioned 
media were incubated with DEAE-Sephacel for 2 h at 4°C. The mixtures were 
applied to disposable polypropylene columns, washed with 100 mM NaOAc, pH 4.5, 
300 mM NaCl buffer and bound materials were eluted with 2M NaCl. The eluates 
were dialyzed extensively against de-ionized H z O, concentrated by lyophilization and 
10 the amount of partially purified syndecan-1 in the samples was estimated by dot 
immunoblotting. Approximately 30 ng from each sample was resuspended in 
digestion buffer (50 mM Tris, pH 7.5, 50 mM NaOAc, 5 mM EDTA, 2 mM PMSF) 
and digested with 10 mU/ml heparitinase and 20 mU/ml chondroitin sulfate ABC 
lyase for 3 h at 37°C with fresh enzymes added after 1 .5 h. These digested samples 
15 and 30 ng of undigested samples were fractionated by SDS-PAGE using 3.5-10% 

gradient acrylamide gels, electrophoretically transferred to Immobilon N (undigested) 
or nitrocellulose (digested) membranes, probed with monoclonal rat anti-mouse 
syndecan-1 antibodies (281-2) and then horse radish peroxidase-conjugated goat anti- 
rat IgGs, and developed by the ECU detection method as described above. 

20 

RESULTS 

P. aeruginosa and S. aureus secrete soluble enhancers of syndecan-1 shedding 

To initiate our study examining the interactions between bacterial pathogens 
and the host's syndecan shedding system, we screened overnight culture supernatants 

25 from several Gram negative and positive bacteria for their ability to alter shedding of 
syndecan-1 by NMuMG cells. NMuMG cells were chosen initially because they 
express all syndecans, especially syndecan-1 and -4 abundantly (41), the shedding 
assays are routine in our laboratory with this epithelial cell line and also because the 
host epithelia is the target cell type of many bacterial pathogens (45,46). Overnight 

30 culture supernatants of bacteria were filter sterilized, diluted to 20% (v/v) with 
NMuMG culture media and incubated with NMuMG cells for 14 h at 37°C. As 
shown in figure 1, culture supernatants from all tested P. aeruginosa (7/7 clinical, 2/2 
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laboratory) and majority of S. aureus (3/5 clinical, 3/4 laboratory) strains enhanced 
shedding of syndecan- 1 by more than 4-fold control levels, whereas strains from 
several other Gram negative (Salmonella enteritidis, Salmonella typhimurium, 
Klebsiella pneumoniae) and positive (Staphylococcus saprophytic™, Staphylococcus 
xylosus, Streptococcus pneumoniae) bacteria did not. Cellular extracts of P. 
aeruginosa and S. aureus strains did not affect shedding (data not shown). These 
results indicate that P. aeruginosa and S. aureus secrete a soluble enhancer(s) of 
syndecan-1 shedding, and suggest that this property may be specific for certain 
bacterial species. 

Enhancement of syndecan-1 shedding by P. aeruginosa is rapid and dose- 
dependent, and various host cells are affected 

Because all tested strains of P. aeruginosa enhanced syndecan-1 shedding, we 

1 5 focused our subsequent studies on this Gram negative bacteria. The clinical blood 
isolate, BL2, showed the highest level of enhancement (~1 4-fold, Fig. 1) and was 
therefore chosen for further studies. As shown in figure 2, enhancement of epithelial 
syndecan-1 shedding by BL2 culture supernatant was potent (4-fold increase over 
control levels with 5% supernatant, Fig. 2A), rapid (6-fold increase by 2 h, Fig. 2B), 

20 excessive ( 1 1 -fold increase by 20 h, Fig. 2B) and dependent on the concentration of 
BL2 supernatant (Fig. 2A). In contrast to constitutive shedding, which maintains 
constant levels of cell surface syndecan-1, P. aeruginosa-entianced shedding reduced 
the amount of surface syndecan- 1 (90% reduction at 20% supernatant. Fig. 2 A). 
Under the test conditions, responding NMuMG epithelial cells remained viable. 

25 To examine whether P. aeruginosa can affect syndecan-1 shedding by other 

epithelial cell types and host cells, we tested the effects of BL2 culture supernatant on 
LA-4 lung and CI 27 mammary gland epithelia, and NIH3T3 fibroblasts. As shown in 
figure 3, BL2 culture supernatants augmented syndecan-1 shedding by more than 5- 
fold for all cell types tested. The extent of shedding enhancement was highest with 

30 NMuMG epithelia (~13-fold), followed by C127 epithelia (~10-fold), LA-4 epithelia 
(~8-fold) and NIH3T3 fibroblasts (~5-fold). These results demonstrate that although 
the physiological target cell type of P. aeruginosa, the epithelia, responds most 
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extensively to shedding enhancement by P. aeruginosa supernatant, other host cells 
such as fibroblasts can also respond. 

Identification of the P. aeruginosa syndecan-1 shedding enhancer as LasA 
5 Our experiments testing purified elastase (pseudolysin) and LPS, two major 

virulence factors of P. aeruginosa, failed to demonstrate that these virulence factors 
are involved in enhancement of syndecan-1 shedding. Thus, to better understand the 
mechanism behind shedding enhancement by P. aeruginosa, we next performed 
experiments that would provide a general characterization of the P. aeruginosa 
10 syndecan-1 shedding enhancer. First, we examined whether the activity is susceptible 
to proteinase K treatment to determine whether the enhancer is a protein. BL2 
supernatant was pre-treated with proteinase K and then tested for enhancement of 
syndecan-1 shedding. As can be seen in figure 4, proteinase K treatment abolished 
the activity of P. aeruginosa supernatant. We next fractionated the crude supernatant 
15 with molecular weight cutoff (MWCO) spin tubes to obtain a rough estimate of the 

enhancer's size. Using 3, 10, 30 and 100 kDa MWCO tubes, we found that the size of 
the shedding enhancer is larger than 10 kDa but smaller than 30 kDa (Fig. 4, denoted 
by *). These results suggest that the syndecan-1 shedding enhancer is a 10-30 kDa 
protein. 

20 Based on these properties of the shedding enhancer, proteins in the supernatant 

were collected by 80% ammonium sulfate precipitation and fractionated by Bio-Gel 
P-30 (fractionation range=2.5-40 kDa) gel chromatography in an effort to determine 
the identity of the enhancer. Fractions obtained from gel chromatography were 
assayed for shedding enhancement and then analyzed by SDS-PAGE. As shown in 
25 figure 5, the shedding enhancing activity was isolated in one peak and two fractions, 
12 and 13. Analysis of the active and inactive fractions by 12% SDS-PAGE and 
Coomassie staining revealed the presence of a single, major 20 kDa band in the 
active, but not in the inactive, fractions (Fig. 5-insert). To determine the identity of 
the 20 kDa protein, N-terminal sequencing was performed. The first 10 amino acid 
30 sequence of the 20 kDa protein matched perfectly with mature LasA protein (Table 
1), a known virulence factor of P. aeruginosa. 
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~ The hypothesis that LasA is the syndecan-1 shedding enhancer of P. 
aeruginosa was tested by fractionating the partially purified active peak obtained 
from Bio-Gel P-30 gel filtration by immunoaffinity chromatography using mouse 
polyclonal anti-LasA IgGs covalently coupled to a cross-linked agarose resin. The 

5 rationale behind this experiment was that if LasA is indeed the shedding enhancer, 
then the active component in the partially purified material will be bound to the 
affinity column, and shedding activity will only be seen with the specifically bound 
fractions and not with the flow through or wash fractions. As shown in figure 6, the 
specifically bound eluate (EL), but not the flow through (FT) and wash (WSH) 

10 fractions, enhanced syndecan-1 shedding by NMuMG cells. The inactive flow 
through fraction contained the contaminating smear seen in the active fractions 
partially purified by gel chromatography, and the eluate fraction contained the highly 
purified 20 kDa LasA protein (Fig. 6-insert). Furthermore, similar to results obtained 
with crude P. aeruginosa supernatants, purified LasA enhanced syndecan-1 shedding 

15 by various host cells (Fig. 7) and did not affect steady-state mRNA levels of 

syndecan-1 (data not shown). Taken together, these results indicate that LasA is the 
syndecan-1 shedding enhancer of P. aeruginosa, and that LasA can be highly purified 
by consecutive steps of ammonium sulfate precipitation, Bio-Gel P-30 gel filtration, 
and anti-LasA IgG immunoaffinity chromatography. 



20 



LasA enhances syndecan shedding by stimulating the host cell's shedding mechanism 

To begin to elucidate the mechanism involved in syndecan-1 shedding 
enhancement by P. aeruginosa LasA, we first examined the macrostructure of shed 

25 syndecan-1 ectodomains. Conditioned media from NMuMG cells cultured to 

confluency (constitutively shed) and from NMuMG cells stimulated with purified 
LasA or crude P. aeruginosa supernatant were subjected to DEAE ion exchange 
chromatography to obtain partially purified samples of syndecan-1 . These undigested 
samples were directly analyzed by Western immunoblotting (Fig. 8, lanes 1-3) or 

30 digested by heparitinase and chondroitin sulfate ABC lyase, and then analyzed by 
immunoblotting (Fig. 8, lanes 4-6) to determine the size of shed syndecan-1 core 
proteins. Similar to the constitutively shed syndecan-1 ectodomain (lane 1), 
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syndecan-1 ectodomains obtained from both purified Las A (lane 2) and crude 
supernatant (lane 3) conditioned media were intact proteoglycans decorated with 
glycosaminoglycans as evident from the smear of the immunologically detected 
syndecan-1 ectodomains. Interestingly, the size of the syndecan-1 core protein 
5 stimulated to shed by both purified LasA (lane 5) and crude P. aeruginosa supernatant 
(lane 6) was identical to that of the constitutively shed core protein (lane 4) by SDS- 
PAGE analysis. 

Because the macrostructure of the shed syndecan-1 ectodomain suggested that 
LasA enhances syndecan-1 shedding by a mechanism similar to that of the host cell's 

10 shedding mechanism, effects of a hydroxamate derivative (BB1 101), PKC antagonist 
(bisindolylmaleimide I) and protein tyrosine kinase (PTK) inhibitors (genistein, 
Tyrphostin A25) were tested. Genistein (47) and Tyrphostin A25 (48) inhibit PTKs 
by competing for binding with ATP and tyrosine residues to PTKs, respectively. 
These general PTK inhibitors inhibit syndecan-1 and -4 shedding stimulated by all 

1 5 known agonists such as EGF, thrombin, sphingomyelinase, ceramide and stress 

conditions (e.g. heat, hyperosmolarity, mechanical shear) whereas the antagonistic 
effect of the PKC inhibitor, bisindolylmaleimide I, is restricted to syndecan-1 and -4 
shedding induced by EGF, thrombin and phorbol esters (16,19). Hydroxamate 
derivatives inhibit the activity of the putative cleaving enzyme by chelating its active 

20 site zinc atom (49). Thus, general PTK inhibitors are inhibitors of regulated syndecan 
shedding whereas hydroxamate derivatives are inhibitors of both regulated and 
constitutive shedding. As shown in Table 2, when co-incubated, BB1 101 and 
Tyrphostin A25 inhibited both purified LasA- and P. aeruginosa supernatant- 
enhanced syndecan-1 shedding by more than 70% and 60%, respectively, at the 

25 highest concentration tested. Genistein also partially inhibited enhanced shedding 
(-45%), but bisindolylmaleimide I did not affect syndecan-1 shedding enhanced by 
LasA and crude P. aeruginosa supernatant. However, when the kinase inhibitors and 
BB1 101 were pre-incubated with purified LasA and removed from the samples prior 
to incubation with NMuMG cells, none of them inhibited enhanced syndecan-1 

30 shedding. Taken together, these results indicate that the PTK inhibitors and BB1 101 
are acting on the host cell, and that LasA is enhancing syndecan-1 shedding via 
activation of the host cell's shedding mechanism. 
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DISCUSSION 

Enhancement of Host Effector Shedding by Pathogenic Bacteria 

The current emergence of antibiotic resistant strains has been driven mainly by 

5 overuse of antibacterial agents aimed at inhibiting essential aspects of bacterial 

metabolism, such as cell wall and protein synthesis, placing selective pressure on the 
bacteria to develop resistance to these agents. Thus, to prevent development of 
resistance, it may be ideal to develop prophylactic and therapeutic agents that target 
specific host-pathogen interactions involved in bacterial pathogenesis. Enhancement 

10 of host effector shedding may be one such target of the pathogenesis cascade. Many 
bacterial pathogens as diverse as P. aeruginosa, S. aureus, S. epidermidis, E. coli, 
Serratia marcescens and Listeria monocytogenes have the ability to enhance shedding 
of host surface effectors, such as CD14, TNF-a and IL-6 receptor (30-32). These 
bacteria are not only distinguished by their cell wall characteristics and sites of 

1 5 colonization, but also by their arsenal of genetically distinct virulence factors. Thus, 
the shared ability to enhance shedding of host molecules indicates functional 
convergence and suggests that shedding enhancement is a critical aspect of bacterial 
pathogenesis. We report here that two major opportunistic bacterial pathogens, P. 
aeruginosa and S. aureus, secrete potent enhancers of syndecan-1 shedding. The 

20 ability to augment shedding of syndecan-1 appears to be specific for these bacterial 
species since several other Gram negative and positive bacteria failed to do so. The 
finding that evolutionarily diverse bacteria, such as P. aeruginosa and S. aureus, can 
enhance syndecan-1 shedding suggests that this activity may be critical for their 
pathogenesis at target host sites common to both. In this regard, it is interesting to 

25 note that P. aeruginosa and S. aureus are the dominant pathogens in cystic fibrosis 
and burn patients, and that syndecan-1 is the major syndecan of target cell types at 
these tissue sites, the lung epithelia and keratinocytes, respectively. 

Mechanism of syndecan-1 shedding enhancement by LasA 
30 Although we have not yet identified the S. aureus shedding enhancer, we have 

found that the syndecan-1 shedding enhancer of P. aeruginosa is the 20 kDa mature 
LasA protein. LasA is secreted as a precursor protein of approximately 40 kDa, 
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which is then processed to the mature 20 kDa form by unknown mechanisms (50,51). 
Mature LasA is a zinc metalloendopeptidase with strong staphylolytic and weak 
elastolytic activities (52,53). The alternative name of LasA, staphylolysin, is derived 
from its ability to lyse staphylococcal cells. Because of its elastolytic activity, LasA 
5 was first thought of as P. aeruginosa elastase. It is now known that the role of LasA 
in elastolysis is to render the insoluble elastin substrate more susceptible to cleavage 
by the real P. aeruginosa elastase and other enzymes with elastolytic activities 
(50,54). 

The capacity of LasA to hydrolyze protein substrates such as elastin, albeit 

10 weak, suggests that LasA may enhance syndecan-1 shedding by direct cleavage of the 
proteoglycan. However, several lines of evidence indicate that this is not the 
mechanism of syndecan-1 shedding enhanced by LasA. First, the proteolytic 
specificity of LasA is rather restricted in that potential substrates are those with Gly in 
the PI and P2 positions, Gly, Ala or Phe at PI ' and apolar residues in the flanking 

1 5 sequences (52). This tight requirement is exemplified by the fact that elastin, with 
several GGA, GGG and GGF motifs, and S. aureus, with the pentaglycine peptide 
moiety in its cell wall peptidoglycan, are hydrolyzed by LasA, but casein, without 
these motifs, is not. Syndecan-1 also does not contain these LasA susceptible motifs. 
Second, our results show that the size of the core protein shed by LasA and 

20 endogenous mechanisms of the host cell is identical, and that PTK and hydroxamate 
inhibitors of LasA-mediated syndecan-1 shedding are inhibiting shedding by acting 
on the responding host cells and not on LasA. The PTK inhibitors and the 
hydroxamate derivative, BB1 101, can inhibit shedding only when LasA, the reagents 
and host cells are co-incubated, and not when the inhibitors are pre-incubated with 

25 LasA and removed prior to incubation of the pre-treated LasA with host cells. 

Furthermore, hydroxamate inhibitors are thought to be specific for the HEXXH zinc- 
binding catalytic domain of metalloendopeptidases, such as the matrix 
metalloproteinases (49), but the zinc-binding motif of LasA is HXH. Taken together, 
these findings indicate that LasA enhances shedding of syndecan-1 by activating the 

30 host cell's shedding mechanism. 



Implications of Las A-enhanced syndecan-1 shedding in P. aeruginosa pathogen 
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Based on the finding that LasA is a virulence factor in animal models of 
corneal (58) and lung infections (59,60), two tissue sites where syndecan-1 is the 
predominant syndecan on target epithelia, our working hypothesis for the newly 
identified function of LasA to enhance shedding of syndecan-1 is that it is a 
5 pathogenic activity. There are several ways syndecan-1 shedding may contribute to 
P. aeruginosa pathogenesis. First, host cell invasion by many intracellular pathogens 
has been found to require signaling by PTKs, ceramide, and more downstream 
signaling components such as MAP kinases (61-64). These signal transducers are 
also potent inducers of syndecan shedding (16,19), suggesting that shedding of 
1 0 syndecans from the cell surface accompanies host cell invasion by certain microbial 
pathogens. Although P. aeruginosa is not traditionally thought of as an intracellular 
pathogen, increasing number of studies have reported that P. aeruginosa is 
internalized by host cells (62,65-68). 

Furthermore, P. aeruginosa invasion is blocked by PTK inhibitors (62,65), 
1 5 which we have identified as specific inhibitors of LasA-mediated syndecan-1 
shedding. Taken together, these correlations suggest that syndecan-1 shedding 
enhanced by LasA may be an important mediator of P. aeruginosa invasion. 
However, it is important to mention that the role of syndecan shedding in bacterial 
internalization is unknown, and the importance of host cell invasion in P. aeruginosa 
20 pathogenesis is still controversial. 

Second, our results show that enhancement of syndecan-1 shedding by P. 
aeruginosa not only dramatically increases the amount of soluble ectodomains, but is 
also accompanied by a significant decrease in the level of cell surface syndecan-1. 
This property may be pathologically significant since in a previous study, we have 
25 found that expression of syndecan-1 is essential in maintaining the normal phenotype 
of simple epithelia (69). Antisense induced depletion of cell surface syndecan-1 
altered cell morphology and organization, expression of other adhesion molecules like 
E-cadherin and pi integrins, and anchorage-dependent growth characteristics in 
NMuMG cells. Because highly polarized epithelia is thought of as an effective barrier 
30 against microbial colonization (45,46), the concomitant decrease of cell surface 

syndecan-1 levels observed during LasA-enhanced shedding can potentially enhance 
P. aeruginosa colonization by altering the morphology of target epithelia, disrupting 
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the polarity of the epithelial barrier and exposing intercellular, basolateral and 
subepithelial adhesive components. 

Alternatively, syndecan-1 shedding enhanced by LasA may contribute to P. 
aeruginosa pathogenesis by interfering with host defense mechanisms. For example, 
5 HSchainsofshedsyndecan-lectodomainscanbindandmodulatetheactivityofa 

plethora of host defense effectors such as chemokines, cytokines and proteases (36). 
Furthermore, we have found in a separate study that shed syndecan-1 ectodomams 
can inhibit the antibacterial activity of Pro/Arg-rich antimicrobial peptides by binding 
to the peptides and preventing them from interacting with target bacterial cells 
10 (unpublished results). These potentially pro-pathogenic activities indicate that shed 
syndecan-1 ectodomains may act as host-derived effectors in the virulence mechanism 
mediated by LasA. To further decipher the role of enhanced shedding m P 
aeruginosa pathogenesis, we are currently evaluating the role of syndecan-1 sheddmg 
in murine models of bacterial infection using specific agonists and antagonists of 
15 syndecan shedding, and also using mice lacking syndecan-1 or overexposing a 
constitutively shed form of syndecan-1 . 



Table 1 



20 



25 



30 



Amino Terminal Sequencing of the 20 kDa Putative 
Syndecan-1 Shedding Enhancer Isolated from P. aeruginosa 

The 20 kDa shedding enhancer, partially purified by ammonium sulfate precipitation 
^d il^onSogmphy, was subjected to 12% SDS-PAGE and electrophoreUcally 

huffrr nOmM CAPS pH 1 1 , 10% MeOH in de-ionized H 2 0). The 20 kDa band was 
Sized bfcoomiie Brilliant blue R-250 staining, destained washed extensively 
wtmte^oitized w*er, excised from the membrane and sequenced directly using an 
A^tied Easterns 477A protein sequencer at the Department of Physiology Core 
Facility at Tufts University Medical School. 

— 5 10 
20kDaprotein APPSNLMQLP 
MatureLasA APPSNLMQLP 
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Table 2 

Effects of Inhibitors on Syndecan-1 Shedding 
Enhanced by Purified LasA and P. aeruginosa supernatant 

Confluent cultures of NMuMG cells in 96 well plates were incubated with purified 
LasA (5 us/ml) or BL2 supernatant (20%, v/v) with or without the hydroxamate and 
signaUng inhibitors for 6h at 37°C. Alternatively, purified I LasA was ; pre-mcubated 

the inhibitors for 3 h at 37°C, centrifuged against a 10 kDa M^CO membrane to 
rTmove the inhibitors and then incubated with NmuMG cells for 6h at 37°C (ND=not 
determined). 



2 Inhi 
bitors 


II. SYNDECAN-1 ECTODOMAIN SHED 
(mean % of controls + SD) 


Co-incubated 


Purified LasA 


P. aeruginosa supernatant 




100.0 ±9.5 


100.0 ± 8.7 


DLJ 1 1U1 






9 nM 


28.5 ±2.7 


22.1 ± 10.3 


0 2 uM 


40.2 ± 8.7 


33.6 ±23.7 


Bisindolylmaleimide 






1 uM 


81.8 ±4.4 


88.7 ± 1.8 


0.2 uM 


85.0 ±18.8 


11 1.6 ±13.4 


Genistein 






10 ug/ml 


54.4 ± 22.7 


55.6 ±14.1 


0.2 jig/ml 


74.0 ± 4.4 


75.9 ±8.9 


Tyrphostin 






10 ug/ml 


36.5 ± 5.3 


31.6+11.61 


0.2 ug/ml 


78.3 ± 12.6 


80.5 ± 6.5 


Pre-treated 






None 


100.0 ±9.5 


ND 


BB1101 (2 uM) 


89.6 ± 11.6 


ND 


Bisindolylmaleimide (1 uM) 


81.5 ±15.5 


ND 


Genistein (10 jxg/ml) 


98.2 ± 1.3 


ND 


Tyrphostin (10 jig/ml) 


105.5 ±9.3 


ND 
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Example 2 

Procedure for In Vivo Inhibition of Sydecan-1 Shedding Examining 
the Effects of Heparin (mimics shed S yndecan-1 ectodomains) and 
RR1 101 (ir »V»^it5; shedding). — . 



1) 7d old mouse pups were pre-inoculated intranasally with 20 uM 
BB1101. One hour later, mice were inoculated intranasally with approximately 2xl0 9 
cfus of P. aeruginosa strain PAOl in 7ul TSB. ? 
! o 2) For animals with heparin, mice were inoculated intranasally with 2x1 0 

cfus of bacteria in 7ul of TSB containing 5 ug/ml heparin. 

3) Both set of animals were processed the following day for lung 
(pneumonia) and spleen (bacteremia) colony counts. 

Lung Colonization Bacteremia (spleen) Mortality 
° coition f" M " HWrng ti«sne+ ^ometnc mean) 

" , ■> iM^^vins 1.4 x 10* ± 3.0 x 10 4 4/10 

Bacteria only H^SifilxlS* 695.0 ±437.0 0/5 

+ 20mMBB1101 "'iSiSljlS 7.3x10* ±3.2x10* 6/7 

20 ^ggg^ ^egg 3. 9 xlO*±1.6slO* 

These experiments show that Pseudomonas aeruginosa-enhanced 
25 shedding of syndecan-1 promotes lung infection by this pathogen. Creating an 
environment which mimics excess shedding of syndecan-1 (heparin, purified 
syndecan-1 ectodomain) further promotes lung colonization whereas inhibition of 
shedding (BBlOl) prevents lung infection. 
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Results from Infection Experiments 

Bacterium- Pseudomonas aeruginosa (strain PAO 1) 

7-d old Syndecan-1 null ("KO") or wild type C'WT") in 
OUS6 ' C57/BL or Balb/c backgrounds 

Intranasal Inoculum: 2x10* cfus in 7 ul TSB 
Incubation: 24 hours at room temperature 



10 Mouse Strain. 

C57/BL-WT (n=6) 
C57/BL-KO (n=4) 
Balb/c- WT (n= 8) 
15 Balb/c-KO (n=4) 



Lung Colonization Bacteremia (spleen) 

(mpan cfus/™ p tissue + geometric mean) 



9.9xl0 5 ±2.61xl0 4 
19.0±1.4 
1.6xl0 6 ±1.0xl0 5 
260.0x4.5 



6.8xl0 4 ±l.lxl0 4 
2.0+0.3 

g.sxio^i^xio 3 

167.0+0.9 



Mortality 



1/6 
0/4 
8/18 
0/4 



" These results indicate that mice lacking syndecan-1 are resistant to 
Pseudomonas aeruginosa lung infection relative to their wild type controls. 



20 



25 



Bacterium: Pseudomonas aeruginosa (strain PAO 1) 

Inoculum: intraperitoneal 

Incubation: 24 hours at room temperature 

Lung Colonization Bacteremia (spleen) Mortality 
TV/f™, g » Strain ^ean c * ™'™ tissue + geometric mean) 



Balb/c-WT 

30 3.3xl0 7 cfus (n=6) 1.4xl0 6 ±5.5xl0 5 

C57/BL-KO 

1.7xl0 7 cfus(n=3) LlxlO^SxlO 5 



6.8xl0 4 ±1.2xl0 4 
6.7xl0 4 +1.7xl0 4 



3/6 



2/3 



35 These results indicate that resistance is specific to lung infection in that 

there is no difference in pathogenesis with intraperitoneal inoculation. These 



WO 01/17560 



J. O O 7 tj^4-7 . O 6 A S O ics 
PCT/US00/24839 

-32- 



results further indicate that epithelial syndecan-1 can promote infection whereas 
lack of syndecan-1 can provide resistance. 



Example 3 



Effects of PTK Inhibitors on 
Syndecan-1 Ectodomain Shedding enhanced by Purified LasA 



Condition 


PTK Specificity 


Syndecan-1 Ectodomain Shed 
(mean % of control ± SD) 


LasA (5ug/ml) 
+herbimycin A 

5 uM 

1 uM 
+PP2 (calbiochem) 

250 uM 

50 uM 
+AG490 (calbiochem) 

1 uM 

200 nM 


100.0 ± 18.4 

Src family PTKs 

40.3 ± 13.7 
54.0 ± 10.4 

Fyn & LCK 

91.8 ±13.2 
120.3 ± 18.7 

JAK2 

120.6 ± 13.9 
97.1+ 11.5 



Confluent cultures of NMuMG cells in 96 weU plates were incubated with 
purified LasA (5 ug/ml) with or without the PTK inhibitors for 6 h at 37°C. 
Extent of shedding was quantified by the dot immunoblotting method. 

These results show that Pseudomonas aeruginosa enhanced shedding 
requires Src PTK activity. 
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The invention has been described in detail with reference to preferred 
embodiments thereof. However, i, will be appreciated ma, those skiHed in the art. 
0 po„ consideration of mis disclosure, may make modifications and improvements 
within the spirit and scope of the invention. 



